We analysed perovskite CH 3 NH 3 PbI 3-x Cl x inverted planner structure solar cell with nickel oxide (NiO) and spiro-MeOTAD as hole conductors. This structure is free from electron transport 
The device structure is simulated using 1D-SCPAS which primarily solves following coupled equations for bulk layers. 
These equations are solved along with following equations 4 and 5. Here is dielectric constant, is electric potential, q is magnitude of electronic charge, p is hole concentration, n is electron concentration, + is donor density concentration, − is acceptor concentration, is charge density of layer, is electron current density, is electron recombination, G is generation rate, is rate of change of electron concentration, is hole current density, is hole recombination and is rate of change of hole concentration.
Here is electron mobility, is electron Fermi level, is hole mobility and is hole
Fermi level. These equations are solved numerically by employing a denser mesh at interface and coarse mesh in layer with appropriate boundary conditions at interfaces and contacts. However, meshing is adoptive during calculation. Gummel iteration scheme along with Newton-Raphson substeps is utilized in SCAPS for solving these coupled equations.
Interface defect layers IDL1 and IDL2 are inserted at respective interface to consider interface carrier recombination at absorber/TCO and absorber/HTM interfaces. All materials properties of defect layers are considered similar to that of perovskite layer except defect density of interface layer is set at 10 17 cm -3 to model defects at interface [26] . The initial simulation is carried out with the parameters, summarized in Table 1 suggests that hole and electron concentrations in NiO and TCO layers are equal to intrinsic carrier concentrations in NiO and TCO, respectively. A significant change in minority carriers is observed under illumination in both NiO and TCO layers. The minority carrier concentration is high, close to TCO/absorber and absorber/HTM interfaces and is constant across NiO and TCO, resulting to the lower concentration at contacts. Hole concentration is the highest near NiO and absorber interface, which reduces as one moves toward TCO side in the absorber. However, hole concentration decreases slowly under illumination due to the hole generation in absorber. A similar trend is observed for variation of electron concentration in device under illumination. Further, a sharp reduction in carriers near defect layers can be observed due to the higher defect density in respective interface layers.
Electric field intensity variation across the device is plotted in Fig 3 (e) . Higher field intensity is found at interfaces, whereas steady built in field is found deep inside absorber. There is no effect on electric field intensity against illumination. Generation and recombination profile for carriers is plotted in Fig 3 (f) . The generation of carrier decreases linearly from TCO side (light incident side) to NiO side in absorber and a similar trend is observed in TCO and NiO layers. Higher carrier generation is observed in TCO side due to a slightly lower band gap (3.5eV) as compared to NiO (3.6eV) and also due to the illumination from TCO side. Recombination is also showing linear reduction from illumination side as recombination also depends on carrier concentration, which is higher towards illumination side in absorber and lower on other side.
The onset of cliff at interface is attributed to the enhanced interface recombination. % for the present device structure with very small (nano ampere) dark current. The calculated efficiency value is close to the simulated photovoltaic efficiency for planner PSC structure reported for spiro-MeOTAD hole conductor showing validity of simulation conditions adopted in the present work [28] . We further extended the simulation studies to optimize the individual materials layer in inverted planner PSCs to understand their impact on device performance.
Results and Discussion:
3.1 Device structure optimization:
The initial inverted PSC, Fig 2, is considered for present investigations and simulations are carried out for a set of parameters, listed in Table 1 . The results are discussed in earlier section. Further, to understand the impact of each layer thickness on device performance, we varied the thickness of transparent conducting oxide (TCO) layer and optimized for a thickness with the optimal efficiency.
The absorber and hole conductor layers thicknesses are varied simultaneously considering the optimal TCO thickness for finding out the optimum combination of absorber and hole transport layer thicknesses. We considered TCO thickness from 2μm to 100nm thickness and restricted the lowest thickness at 100 nm for any device layer during optimization, considering the practical deposition limitations of such thin layers and possibility of higher defect density for lower layer thicknesses. We observed that the photovoltaic efficiency of the devices increases with reducing the TCO thickness, as shown in Fig 4(a) for NiO hole conductor. However, the calculated changes are not significant and the efficiency variation is within 0.3% for 1.8 m variation in TCO thickness. Considering the nonsignificant effect of TCO layer thickness, we considered 100nm TCO layer thickness while varying absorber and NiO hole conductor thicknesses simultaneously. Absorber thickness is varied from 2μm
to 100 nm with 100 nm thickness step and similar variation is also considered for NiO hole conductor simultaneously. The variation in efficiency is plotted in Fig 4 (b) . We can see clearly that there is no significant effect on efficiency for NiO hole conductor thickness, whereas there is a considerable impact of perovskite absorber thickness in the device performance. The photovoltaic efficiency is about 21.15% for 300nm absorber thickness and is increasing with absorber thickness with the maximum value for 600nm to 800 nm absorber thicknesses. This further starts decreasing with absorber thickness. Further, optimization is carried out by varying absorber thickness in 600nm to 800 nm range with 10nm step size and NiO thickness in 1000 nm to 100 nm thickness range with 100nm step size.  We observed that the highest efficiency corresponds to 650 nm perovskite absorber thickness, while the effect of NiO thickness is not significant on photovoltaic efficiency under standard material parameter, Table 1 . The optimized layer thicknesses are summarized in Table 2 for inverted PSC in conjunction with NiO hole conductor.
A similar optimization process is carried out for spiro-MeOTAD hole conductor and the variation of efficiency with TCO thickness variation is plotted in Fig 4(b) . Here, we observed a small increase in efficiency with decreasing TCO layer thickness and a thickness of about 100nm is selected for further calculations. The perovskite absorber and spiro-MeOTAD hole conductor thicknesses are varied in 2μm to 100 nm range simultaneously and results are plotted in Fig 4 (d) . The absorber thickness in 300 nm to 1100 nm range and hole conductor thickness in range 100nm to 600nm thickness range resulted about 17% photovoltaic efficiency. Further, absorber thickness is varied in 300nm to 1100 nm range with 10nm step size in conjunction with variation in spiro-MeOTAD thickness from 600 nm to 100 nm with 100 nm step size. This suggests that 470nm perovskite absorber thickness is the optimal thickness for achieving the highest efficiency, while decrease in spiro-MeOTAD hole conductor thickness resulted in enhanced efficiency. Optimized thickness of inverted PSCs with NiO and spiro-MeOTAD hole conductors are summarized in Table 2 . Thus, electron affinity of spiro-MeOTAD hole conductor is varied to understand the effect of electron affinity on photovoltaic performance. We find significant impact of electron affinity on efficiency and observed that a value of 2.45 eV gives the maximum efficiency under considered spiro-MeOTAD hole conductor material parameters. Thus, inverted PSC with 2.45 eV electron affinity for spiro-MeOTAD hole conductor is used for further investigations. As observed that reducing spiro-MeOTAD thickness resulted into enhanced device performance, we considered 100 nm thick spiro-MeOTAD hole conductor layer for simulating devices. The perovskite absorber layer thickness is varied from 300 nm to 700 nm with a 10 nm step size. The calculated efficiency as a function of absorber thickness is plotted in Fig 5 (b) . We find that device efficiency increases with increasing the absorber thickness and showed saturation trend around 22.10% for 550 nm absorber thickness with the maximum efficiency for 640 nm. This starts decreasing with further increasing the absorber thickness. The different layer optimized thicknesses are summarized in Table 3 for inverted planner perovskite device with NiO and spiro-MeOTAD hole conductors. The photovoltaic response of optimized inverted planner perovskite device with NiO and spiroMeOTAD hole conductors is summarized in Fig 6 . 
Effect of back metal substrate work function and working temperature over efficiency:
In inverted PSC structure, hole transport material is deposited above conducting metal substrate. Till this moment, we considered Ohmic contacts at back metal substrate and hole conductor, using flat band conditions during simulation. In contrast, a suitable work function should be used to find out the suitable metal substrate. Considering this realistic constraints, we varied work function for metal substrate to estimate the optimal work function and thus, a suitable metal substrate which can be considered as the efficient bottom substrate for the deposition of hole transport material. The working temperature of photovoltaic device can be higher than room temperature (300K), which may finally degrade the performance. Thus, working temperature is varied from 300K to 350K, to observe effect of temperature on photovoltaic response of the optimized device. Results are plotted in Fig 7(b) , showing linear decrease with temperature.
Effect of band offset:
Conduction and valence band offsets are important parameters in thin film based solar cells. The band offset study for planner perovskite devices is also performed earlier [21] . The present work explores the band offset effect on inverted PSC structure to see sensitivity of this structure to band Band gap range for TCO and hole conductor is taken as 2.5eV -3.5eV and 2.5eV -4.5eV, respectively.
Electron affinity values are considered as 3.5eV -4.5eV and 1.0eV -2.5eV for TCO and hole conductor, respectively. As the present study is focused on simulation of NiO hole conductor as an equivalent replacement for spiro-MeOTAD in this inverted planner perovskite structure, band offset simulations are carried out for NiO hole material parameter only. Band gap and electron affinity of absorber are not changed during the band offset simulation. Flat band conditions are selected for substrate or left contact and right contact or contact over TCO.
Conduction band offset variation:
Conduction band offset defined as difference between electron affinity of TCO and electron affinity of absorber. Fig 8(a) shows schematic diagram for positive conduction band offset and Fig 8(b) shows a schematic diagram for negative conduction band offset. We can see that positive conduction band offset will assist in electron transfer from absorber to TCO while negative conduction band offset will pose barrier in electron transfer from absorber to TCO. To observe effect of conduction band offset, band gap of TCO and electron affinity are varied while band gap and electron affinity of absorber is kept constant with optimized device parameters. Defect density of interface layer is set to be 10 17 cm -2
. The computed results are plotted in Fig 9 (a) . We can see that a dark blue region marked by efficiency of 21.38% shows combination of TCO band gap and electron affinity for good performing device while other region shows existence of barrier at TCO/absorber interface for electron transfer. We can see that there is very wide scope for change of TCO band gap and electron affinity in selected range of parameters for simulation. 
Valence band offset variation:
Valence band offset (VBO) is defined as difference between "electron affinity of absorber plus band gap Eg of absorber" and "electron affinity of HTM plus band gap Eg of HTM". Figs 8 (c) and 8 (d) show schematically positive and negative valence band offsets. Valence band offset depends on the difference between band gap and electron affinity of absorber and band gap and electron affinity of hole transport material. Since, we wanted to simulate valance band offset effect for perovskite absorber, so band gap of absorber in conjunction with electron affinity is kept fixed. To see the effect of VBO on performance, band gap of NiO hole conductor is varied from 2.5 eV to 4.5 eV and electron affinity of hole conductor is varied from 1 eV to 2.5 eV and results are plotted in Fig 9 (b) .
We could see that for certain combination of band gap and electron affinity of hole conductor, photovoltaic performance is very poor and close to zero (0). These regions are shown by red and black colour in Fig 9 (b) . For some combination of band gap and electron affinity values, large band discontinuity is observed and for such cases the simulations could not converge in SCAPS. Such combinations are assigned to zero efficiency. We could observe that silver coloured region, labelled with 22.40% efficiency, represents combination of band gap and electron affinity for hole conductor, providing the optimal performance for inverted planner perovskite devices. We find that there is a narrow region for change in electron affinity and bang gap of hole conductor for valence band offset in contrast to conduction band offset where a large window for band gap and electron affinity is observed.
Conclusion:
In this work, we proposed a design of inverted planner perovskite solar cell with NiO hole conductor for the first time. The proposed device structure is optimized for different layer thicknesses. The optimized devices are studied against variation in operating temperature, conduction and valance band offset. The increase in temperature led to linear decrease in efficiency of device. Additionally, we observed a very wide range for TCO band gap and electron affinity with conduction band offset provided relatively enhanced device performance while for valance band offset, a narrow range for band gap of hole conductor and electron affinity is observed. These studies will provide a novel inverted PSC device structure and the optimization results will assist in designing a complete PSC device for optimal photovoltaic response.
